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ABST RACT (Cont . )

line , incorporating aerodynamic changes to accommodate the
additional airf low required to achieve the thrust goaflfor
the Model 1030, and adding an afterburner .
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- FOREWORD

This report describes the development effort completed on a

small, low-cost, subsonic afterburning turbojet engine. This

program was conducted for the United States Air Force , Aero Pro-

pulsion Laboratory under Contract F33615—76—C—2063, Project

Number 3012. The program was accomplished by the AiResearch

?lanufacturing Company of Arizona, a Division of The Garrett

Corporation , located at 111 South 34th Street, Phoenix , Arizona

85034.
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SYMBOLS

Ii

PARAMETERS

PTS Poin t s

PCT Pe rcent
Net t h r u s t , lbf

1II ~F Pounds—force
lJ~t 1 Po unds—mass
TSFC Th rust  specif ic  fue l consumption , lbm/hr-lbf
L/D Length—to—diameter  ra-tio
V Velocity , FPS

d Diamete r , in.
P Pressure , psia
T Temperature , °R
A A rea ,
fl Mach N o . ,  di mension less

E f f i c i e ncy , dimensionless
• I. D i f f e rence

F/A Fue l—to—ai r ra t io , lb fuel  per sec per lb air per sec

T~ / 5 l8 .69
Rotational speed , rpm

CF Thrust  coef f ic ien t, dimensionless
CD Discha rge ( f low ) coef f ic ien t ,  dimensionless
W Flow rate , lb/sec (air), lb/hr (fuel)
g Gravitational constant , 32 .174 ft—lbm/ sec 2—lbf

Specif ic  heat of air at constant pressure , btu/lb— °R
C~ Specif ic  heat of air at constant volume , btu/ lb— °R
( C~ /Cv
I’ (

~as constant for air , 53.345 f t—lbf / lbm— °R
I’rcssurc rdl io

iv
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SUBSCRIPTS

0 Engine Station : Ambient,  belimouth inlet
1 Engine Station : Bellmouth throat ,  compressor housing inlet
2 Engine Station : Compressor rotor inlet plane
2 Engine Station : Compressor discharge (scroll)

3.1 Engine Station : Combustor plenum
4 Engine Station : Combustor discharge, turbine inlet (torus)

• 5 Engine Station : Turbine rotor exit plane
6 Engine Station : Turbine exhaust flange plane
6.1 Engine Station : Augmentor duct immediately upstream of

sudden expansion pla ne
7 Engine Stat ion : Augmentor duct immediately downstream of

sudden expansion pla ne

7.1 Lngine  Station : Exhaust  nozzle entrance
8 Lngine Station : Exhaust nozzle exit plane

c Compressor , combustor
• AB Af te rburner

N Net ( thrust)
OV Overall
f Fuel
t Total , top
S Static
T Turbine
LO Lubricating oil
a Ai r
C Gross (t h r u s t)

Measu red ( th rust )

• D Ram drag
b Bottom

V
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SECTION I

INTRODUCTION

This document , submitted by the AiResearch Manufacturing
Company of Ar i zona , a Division of The Garrett Corporation ,
presents the final report on the research and development of a

turbojet derived from low-cost , high-production turbocharger

componen ts and an augmentor based on a low—cost, ramjet sudden—
5 expansion burner. The program was conducted for the United

States Air  Fo rce Aero Propulsion Laboratory , Wright—Patterson
AFB , Ohio , and is authorized under Contract F33615-76—C-2063,

Project Number 3012. This program was conducted from 1 April

1976 through 31 December 1977.

The engine , designated AiR~esearch ETJ131 Model ~030, is an

afterburning derivative of the AiResearch ETJ131 engin~ç that was

designed and tested under Air Force Contract F33615
7
76—C—2072.

Changes to the basic ETJ131 included placing the cømbustor

parallel  to the engine center l ine , incorporating aerodynamic
changes to accommodate the addi t ional a i r f low req uired to achieve
the thrust goal for the Model 1030, and adding an afterburner.

Il -
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• SECTION II

RES ULTS A~E) ~ ON CLUS IO~~S

The program desc r ibed  in t h i s  report was a twenty month
e f f o r t  to des i gn , f ab r i ca t ~~, and t e s t  ~i 1cw-~:o~;t augmented turbo—

j e t  e n g i ne .  The A iResea rch  L T J 13 1  Model 1030 was der ived f rom
the  A i P - ~~ ~ r ’~h Model T i BA t u rboch  I r ’ ; (~r .  T u r b o c h a r g e r  p roduc t ion

he I -. i  P~-~;~uj r r 1i  Ind i s t  r i a l  ~ v i - 5 i o n is ~ u r r e r i t ly  400 , 000 u n i t s
p r  -~‘ - ~ r . ~I k e  d e n i ’j n  ef f o rt  w~ t h respect  to the basic  e n g i n e ,
c on s ist ed  of two r a s k s —— c o m bu s t o r  des ign  and t u r b i n e  hous ing

(j 31 (~ f l .

The cornbustcjr designed f- 5-r ~he UTJ 13 1 Model 1030 was a
produc t ion o~ nfiguration intc~~rai welded assembly , positioned

parallel to the centerline of the engine . The welded assembly

was consis tent with the low—cnst goal of the engine design .

The basic T18A turbocharger turbine housing was redesigned

1-~ ~~orr~odute the higher turbine inlet temperature and mass flow
( 5,f ~he E T l I  Il N~ t- 1e1 1030. The naterial was changed from GMR 235
to I l a st e l l o y  X.  The design , however , was similar to the

standard production housing to (risure that the same high produc—

tion rate and low cost could be achieved.

The design task also included the design of an augmentation

system based on concepts proven in an Air Force sponsored pro-

gram that investigated sudden expansion or dump burners for

rainjet applications (see List of fleferences). The afterburner

design selected for demonstration was a simple low-cost config—

urjtion utilizing a silicon elastomer (Dow Corning 93—104)

h i a t i v e  p r o t e c t i v e  l iner  in the combustion zone and an uncooled
si I 1 (~OIt ~irbide coated graphite nozzle.

2
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Prior to fabrication of the demonstration augmentor, a

water-cooled augmentor was designed and fabricated to be tested
on the basic ETJ131. This testing provided an early demonstra-

t ion of the dump combustor concept, and provided experience with
i t ’ s ope ra t iona l  charac te r i s t i cs .  Data from these tests was

evalua ted  prior to release of the Model 1030 augmentor system
for fabrication .

Testing of the ETJ131 Model 1030 included engine checkout,

main combustor development testing , and demonstration under

simula ted  ram condit ions.  The combustor tests were conducted in
the AiResearch combustion test facility using simulated engine

airflow conditions.

Following the combustor development tests, the unaugmented

engine was assembled and installed in the AiResearch Altitude

Test Facility . The first series of runs were conducted at sea—

leve l static conditions. Engine airflow was taken from cell

ambie nt and avoided the corrections necessary when testing at
ram conditions. The agreement between predicted and tested data
at  th i s  condi t ion was extremely good. The engine developed 131

pounds of thrust at a thrust specific fuel consumption of 1.6
pounds—per-hour—per—pound .

After successful completion of the sea-level static testing

of the basic engine , the augmentor was installed and demonstra-

tion testing began. A series of tests were made, including

testing with the afterburner installed but not operating , and

t es t ing  with the afterburner lit. Approximately 47 minutes of
operation were logged with the afterburner installed. Of this

47 minutes , there were approximately 6 minutes of operation with
the afterburner lit. Testing was terminated when a portion of
the afterburner ablative liner separated from the metal case.

3
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Performance t e s t ing  had not been completed when the
r a1fu r ~ctjon occurred , how ever , sufficient data was acquired to

ref ine ti~e performance pred iction I~’odel. Correlation between

measured data and predicted performance is good and the results

of the testing indicate that the thrust goal of 200 pounds of

thrust at Mach 0.7, sea level can be achieved.

Fur ther development of the augmentor ablative liner is

required. The total time of six minutes is significantly longer

than the 30 minute objective . The life consumed while operating

~i I nor — a ugrn cn ted cor ir l i  Li  e n s  c a n not  he qu an  t I f i  ed. Recent dove 1op—
II nt: i ii rairtj e I t - ‘ :hr io logy  of  t (  r a t  I rac l ive  n-ean S of improvi rig

Ihe i n t erJ r ty  of ILl ~ a b l a t  i ye 1 i ncr

Thi s ~rogram successful ly demo nstra ted the f e a s i b i l i t y  of
adding an augmentor to a low-cost turbojet and also further

demonstrated the feasibility of using a low—cost turbocharger

as the basis for a propulsion engine . Notable accomplishments

of the program were:

o Demonstrated augmentor e f f i c i ency  levels of
88 to 92 percent .

o Smooth s tab ’e l i g h t — o f !  and ope ra t ion  of the
d uç j m e r n t or

o Tu r b i ne  I i  f ~~
- exc eed ing  one h our  at  t u r b i n e  in le t

temperatures of 1800 to 1900°F.

o Succes s f u l  opera tion of a paral le l  type
combus tor .

o Demonstrated ability of the ablative liner to

protect the metal case .
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Areas needing further development include:

o Improved retention of the ablative liner

o Improved turbine e f f i c i e n c y
o Decreased primary coinbustor pressure drop

o Improved af terburner  nozzle flange design

4
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SECTION I I I

TECHNICAL DISCUSSION

The objectives of this program were to design , fabr ica te, and
te:;t a turbojet engine derived from low—cost , high—production

turbocharger components and an augmentor based on a low—cost ,

ran jet sudden—expansion burner. TEL program goals for the ETJ1 31

Model 1030 were :

o Cost (Projected) — $2000/engine (Lots of 1000)

- • o Thrus t  ( -1 = 0 .7 , S.L.) — 200 pounds

o TSFC (M~ 0.7, S.L.) 
- 3 .0  lb/hr/ lb

o L i f e  ( f i= 0 . 7 , S . L . )  — 30 minutes
o Weigh t  - 100 pounds
o Vo l ume — 3 . 0  f t 3

0 F ~~~~~ 1 ltr’ - — 1. 2 f t 2

0 I or ag .- - Li fe  — 5 years

T i e  p r o gr am  was separa ted  i n to three  t a sk s .  These tasks
We re :

I - Design , Procurement, and Fabricat ion
II — Development Testing -

I I I  — Demonstration

Ai !-~esearch divided 
ni ask I into three elements. They were:

Task I A  — Test E n g i n e  Des ign
— P r o d u c t - i on Jr i~~irio Design

T ’ ~k l u  — f - E r i c - a l J o n  and  P r o cu r e men t

‘,i lew i nq ~~~- - I  i o n s d e s cr i  he t h e  work performed and results
( . t n i - d  i i i  -a c t i  of  th e t asks and task elements .

6
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1. TEST ENGINE D ESIGN — TASK IA

Task IA addresses the design of a demonstrator version of

the proposed engine . The demonstration engine did not incorpor-

ate

o Fuel Con trol
0 Fue l del ivery  sys tem
o L u b r i c a t i o n  system

0 Star ting system

Also , elements of the engine were not flight weight designs. In

most instances , demonstration of f l i g h t  weight designs were
beyond the scope of this program.

a. Engine Cycle Definition

An in-depth  review of the engine design was completed and
pre—existing baseline cycle assumptions were checked and yen —

• fied , as requ ired , early in the program. Table 1 is a summary

of the cycle changes showing the baseline and the values as

redefined at this point in the program . The effect of the

changes on thrust and specific fuel consumption are also shown.

At 200 pounds thrust , the cycle has an estimated specific fuel
consu mption of 3 .07 .  Production margin is included in the
performance estimates. Each of the cycle changes is discussed

below .

(1) Turbine E f f i c i e n c y

The compressor proposed for the ~-1odel 1030* requires a 1.99

total-to—total pressure ratio at a corrected flow of 1.989 pounds

per second . The flow requirements exceed those currently avail-

able w it h  the ex i s t ing  T18A turbocharger hardware . It was

*I (er , . i n i a f t e r  re ference  to the ETJ 131 refers to the turbocharger
Iurho -k-1 developed under Contract F336l5—76—C—2072 and Model
1030 refers to the afterburriing engine being developed under
t h i s  p r og r a m .

7
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- TABLE 1. REVISED ENGINE CYCLE VERSUS THE BASELINE

CYC LE FOR THE ETJ 13 1 MODEL 103 0, AT SEA
LEVEL , MACH 0.7 , STANDARD ATMOSPHERE.

Res ulting Resul t ing
Change % Change

Parameter Baseline Revised In F~ In TSFC

Turbine I;fficicncy Bask - —2.6 — 2.4 -‘-2.5
Ch a n ’~c - , P o i r t s

rlechanic.d Losses, lIP C) 15 — 3.1 4 3 . 6
Combustor Efficiency 0.92 0.99 0 —0.5

Compressor Corrected 2.613 2.880 +10.5 —0. 3
Flow , Lb/ Sec

Compressor Pressure 3.200 3.311 + 1.0 —0.9
Ratio

Compressor Efficiency Base +3.5 + 4 . 3  — 4 . 2
Chan ge , Points

Augmentor Tempera ture , 2864 2720 — 3 .6  — 3 . 3
OF

Augmentor Efficiency 0.90 0.92 0 —1.2

Production Margin , PCT 0 6.0 — 6 . 0  + 6 . 0
Hot  Change + 0 . 7  +1 .7

8
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proposed to design and fabrica te a larger turbine housing to

accom m odate the higher turbine inlet temperature of the engine .

The turbine redesign was expanded to include increasing the

flow size to match a higher flow compressor that became avail-

able after contract award. Efficiency and weight penalty is
associated with the higher flow turbine housing , but it is offset

by increased compressor performance. Preliminary design of this
new , larger turbine housing indicated that the efficiency should

be 2.6 points lower than assumed in the proposal.

( 2 )  Mecha n i c a l  Losses

The proposal assumed that mechanical losses , e.g. bearing

losses , were included in the t’jrbine efficiency. The review

correc ted th is er ror  and appropria te  mechani cal losses were
added.

( 3 )  Combustor E f f i c i e n c y

A review of the main combustor design indicated that
the proposal estimate of combustion efficiency was too low.

based on AiResearch experience with small comnbustors , a combus—

tor  e f f i c ien cy of 0 . 9 9  is ach i evab l e .

(4) Compressor Flow, Pressure Ratio, and Efficiency

Subsequer t to the submittal of the proposal , test data on

a new series of turbocharger compressors became available. These

compressors offered higher flow and pressure ratio at higher
effi ciency and increased surge margin. These compressors were

introduced into production turbochargers. The PX— l compressor

was selected fo r the Model 1030 because it provided a thrust
increase of approximately 16 percent and decreased specific fuel

consumption approximately 5.4 percent.

9
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(5~ Auymc-ritor Temperature

Augmentoi temperature is set by the 200—pounds thrust require-

men t. The net effect of cycle changes discussed above is an

improvemen t in thrus t . There fo re , augnientor temperature was

reduced to a leve l consistent with 200 pounds of thrust.

H ( 6 )  Augmento r  E f f i c i e n c y

Augmer- tor (dump combustor ) efficiency was increased from 0.90

to 0.92 as a result of preliminary design studies.

Char~acteristics of the Model 1030 at the design point of

Sea 1 v e1 , Mach 0.7 , Standard Day, are shown in Table 2.

TAEJ.l: 2. I. ~J1 ~ 1 M~ DLL 1030 DLSIGIJ—PO1 NT CJIA~~ CTERISTICS
Al Sl-~f~ J EVLL , STATIC , STANDARD DAY.

Characteristic Value

Corrected Inlet Airflow , lb/ sec 2 . 8 8
Compressor Pressure Ratio 3.31

Turbine Inlet Temperature , °F 1900

Afterburner Inlet Gas Temperature , °F 1622
Afterburner Inlet Gas Pressure , psia 30.82

Primary Combustor Fuel Flow , lb/h r 311. 6
Afterburne r Fuel Flow , lb/hr 406.0

i i ~~t Thrust,* lb 201

TEr  na st ~peci f i c Fuel  Consumption , * Hi/hr/lb 3. 072

ne l o t or  S[~ - (- ( 1 , rpm 72,073

* I ri ’ : U ( 1( $- prod i(~ ion m argin

It)
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b. Off—desi gn En gine Performance

An off-design thermodynamic mode l was prepared to allow

the calculation of engine operating -iaracteristics at conditions

other than the design. This data was required for engine design
and even tua l ly  for testing.

Typical data developed with the off—desi gn model is shown in

Figures 1 and 2. The variation of thrust and TSFC is shown for

• Mach 0.0 and 0.7 at sea leve l as a function of afterburner corn—

huStiorL temperature. This d a t a  was generated for a constant tur—

hirie in  let teriperuture and ro~ or speed , wh ich requires a differ-

ent exhaust nozzle area at oaTh augmentor temperature. The

alternative is to hold area an ) vary temperature and/or speed .

As shown , the pe r f o r m a n c e  r epx~~sents the maximum thrust avai lable
at each turbine inlet temperature.

Figures 3, 4, and j show compr essor surge margin , net thrus t ,

• and thr ust specif ic  f uel consump tion as f unct ions of turbi ne inlet
total temperature and augmentor temperature , for  a constant
exha ust nozzle area equal to the current design value . This data

was generated to determine operational characteristics of the

engine wL~~h the dump burner lit at reduced turbine inlet tempera-

tures. ~)peration at turbine inlet’ temperatures below 1750°F and

above 1500°F with the augmentor operating at design temperature

results in a surge margin of less than 10 percent.

c. Turbine Housing Design

In the explanation of the turbine efficiency change , the
background of the turbine housing design was given. The design
work involved increasing the minimum cross—sectional flow area

of the turbine volute and changing the material from GMR23S to

Ilastelloy X. Preliminary sizing calculations indicated that an

increase in area of approximately 30 percent was required for

the highe r turbine flow. Efficiency for the larger turbine

hc’usi rig wa s  e st i ma t e d  to he 2. 1, po in t s  lower than previously
- J  ssumru- :d .

11 
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d. Augmentor  Design

‘this section discusses the preliminary design of the aug—

mentor for both the ETJ131 and the Model 1030. In order to

maintain design simplicity and the low—cost criteria , the aug—

mentor design selected for the Model 1030 was a sudden—expansion
burner. The sudden—expansion burner relies on the rapid increase

in flow area to create a recirculation zone to stabilize the

combustion process. This type of burner aerodynamically stabil—

i zes the f l ame , whereas  c o n v e n t i o n a l  t u r b o j e t  augmentors  use
more costly mechanical flame holders to stabilize the flame , A

simp l ified visualization of the augmentor flow field is shown in

Figure 6.

Str uctu r a l l y  the augme n tor can he f ab r i cated from Ilastelloy
cyl inders. The inside of the main burner is coated with an

ablative liner to protect the walls from the hot combustor gases.

• The f u e l  in jec to r  system consists of f l u sh  orif ices located in
the inlet section and will be described in more detail later in

this section.

The design procedure inc ludes  both empir ical  re la t ions  and
a n a l y tical  des ign techniques.  The empir ical  relations were
developed by the Air Force after conducting extensive parametric

s tudies  on sudden—expans ion  b u rn e r s .  The s tudies and the resul ts
are g iven in Ref e ren ces 1, 2, and 3. Also additional information

was obtained from the investigations , F. D. Stull and

R. R .  C r a i g ,  via a personal  communica t ion .  The ana ly t i ca l  design
tool utilized was a two—dimensional (2—D) combustor performance

model. Since the sudden-expansion burner is symmetrical , the
2-D assumption is valid. The model predicts the augmentor flow

field , along with the fuel concentration profiles , temperature
d i s t r i b u t i o n, and s t r eaml ines .

17
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Figure 6. Augmentor Flow Field.
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In order to obtain early experience in designing and

operating the augmentor , a water—cooled augmentor was designed
fo r  the e x i s t i n g  ETJ131 engine.  By tes t ing the augmentor ear ly

in the program it was hoped to identify any problems , such as
igni t ion  and ins tab i l i ty, and to gain confidence in the design

techniques. It was desirable that the augmentor for the ETJ131

be operated over approximately the same range of conditions as

the augnientor inlet conditions for the Model 1030. Table 3

l i s t s  the augmentor  i n le t  condit ions  for  both engines and as
can be seen , the i n l e t  condit ions are quite similar. It should

he noted tha t these were the inlet conditions as they were
d e f i n e d  ear ly  in the program.

(1)  ETJ 13 1 Augmentor

Several d i f f e r e n t  diameter augmentors were studied for  the
ETJ131 application . Starting with an inlet diameter of 4.47

• inches, it was found that a diameter of 6.5 inches was best

based on combustor e f f i c i e n c y  and s t ab i l i ty  c r i t e r i a .  Three
d i f f e r e n t  length augmentors  were evaluated wi th  leng th—to—
diameter ratios (L/D) of 3.50, 4.25, and 5 . 5 0 .  Table 4 char-
ac ter izes  the augmentor opera t ing  parameters as compared w i th
the eripirically derived parame ters from References 1, 2, and 3.
As can be seen f rom Table 4 , the dump Mach number of 0.15 is
w i t h i n  the operating limits of 0.1—0.26 and the loading parain—
eter of 2.337 is well below the maximum of 7. The operating

limits , or design criteria , were established by Air Force work

as a region where relatively high combustion efficiency existed
— along with stable combustion .

The 6 .5- inch  diameter augmentor was ana ly t ica l ly  evaluated
by the 2-D combustor model and the results are shown in Figures
7 , 8 , and 9.  Figure 7 shows the predicted streamlines (l ines
of  constant net mass flow). The recirculation zone is shown at

the step change in area , ari d the contour of the recirculation

zone is ‘lefined by the maximum inlet streamline of 2.37 lbm/sec .

19 
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TABLE 3. AUGMENTOR INLET CONDiTIONS FOR
ETJ 131 AND MODEL 1030 ENGINES .

ISA ISA
Sea Level Sea Level

Condition Static Mach 0.7

W ,a ir f l o w  ra te (pps)  2 . 3 2  3 .86

W f fue l, f low rate (Lph) 168 .5 356 .0

P
~~6 1, pressure (p s ia )  21.9 31.1

T t6 1, tempera ture  ( ° R )  1889 20 95

D611 jnlet diameter (in. ) 4.47 4.70

V6 1,  inlet velocity (fps) 678 859

I16 l ~ inlet Mach number 0.318 0.383

20

__________ ____ _ _ _  
_ _ _



TABLC 4 . CTJ131 PRELIMINARY AUGMENTOR DESIGN .
I.

Parameter ETJ131 Dump Combustor

D61, Inlet Diameter (inches) 4.47

V6 1 ,- Inlet Velocity (fps) 678

D7, Dwnp Diameter (inches)  6 . 5

V7, Dump Velocity (fps) 320

M7, Design Mach N umber 0.15

I~~Augmentor Length (inches) 22.75, 27.63 , 35.75

L/D 6 1  3.50 , 4.25 , 5.50

(V 1 1\(14 7~ (i000\ l.5~ 12 \
\ d0 ~~~ / \T t7 I kl000) 2.337

A
7/A 6 1  2.11

Design Cri ter ia

0.10 < M
7 

< 0.26

2 . 0  - A7/A6 1  < 4 . 0

V6 1  14.7 1000 1.5 12
d 

~t7 ~
Tt7 1000 ~

~c 0 .9

21
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The isr1therma l lines , as presented in Figure 8, show that the

rJghest temperature existed near the combustor wall and declines

~is the centerline is approached. The point of maximum temper—

ature will occur in the recirculation zone. As the core flow

entrains the hot combustor gases from the recirculation zone ,

the fuel in the core will be ignited. This procedure progresses

in toward the centerline of the augmentor causing the tempera-

ture to rise to higher levels as the flow moves along the corn—

bustor. From Figure 9, which  shows the predic ted i so fue l
fraction lines , it is evident that not all the fuel is consumed

in the recirculation zone and the core flow . For the L/D of

4.5 , the design tabulations trom which Figure 9 was prepared

show that 13.4 percent of the fuel did not burn resulting in a

combustion efficiency of 86.6 L - ~rcen t . Increasing the augmentor
length with attendant increase in residence time would result

in an increased combustion efficiency.

The fuel injector system requirement , other than injecting

the f uel prope r l y ,  wa s to be low in cost . Th is required the
in jector itself to be simpl e and also low f uel pressure to
eliminate a costly high—pressure fuel pump . The fuel system

selected for  the augmen tor was simi lar to the system used in
the Air Force dump-combustor studies. Eight flush—mounted

orifices were located in 45—degree increments around the inlet

section upstream of the step change in area. The proper size

orifice and upstream placement was determined from the empiri-

cal relations presented in Reference 4.  The fuel penetration

or radidi distance the fuel travels was predicted by :

v 2 \.5 , .27

~~— =  2 . 11  ~ I (
~~..do 

~~ V 2 ~ 
\do

a a ,
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where ~. = dens i ty  (lbm/ f t3)
V = velocity (ft/sec)

X = penetrat ion dis tance ( i n)
Z = downstream dis tance from the point of in jec to r

parallel to the air stream axis (in)

do = ori f ice  diameter (in )

The (:ircum [crential expansion of the fuel jet (spread) is deter—

m ine d from the following equation.

Y/do = 6.95 (Z/do ) 33

wher e

Y = spread distance , width of fue l spray ( in )

By combining the equations for fuel penetration and spread a

relation for the local fuel/air ratio (F/A) can be derived . The

local F/ A is the value at a par tic ular axia l  location downstream
of the injection part and is given by the following equation .

.5

(F/A) = (F/A ) 

(1~~~~~Z2) (:;:; ) ( ) . 6

where

- . 2
= area of the inlet (ininlet

(F/A ) = overall  fue l/ a i r ratio
(F/A )rj = local fu el/a i r  rat io

For a given f u el f low it is poss ible to de termine the
o p t i r l i thi e r i f i c e  (l i~ame tTer  and location using the equations for

H - r I ( - t r u  I o n ; , s~,rea~1 , and  local fuel/air ratio. An evaluation

o f  1 i -  ~- t f c - : t  of ori. fi ~~~~~- nl i.arneter on f u e l  pressure , f u e l  j et

~~~i - - d  r~d ‘c~~I e ’ . r - L  ion , and local f u e l/ a i r  r a t i o  was conducted
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and the results are shown in Figures 10, 11, and 12. Based on

the Air  Force work , the optimum fuel penetration at the point of

the step change in area was 16 percent of the inlet diameter for

maximum entrainments of the fuel in the recirculation zone.

From the figures it is evident that there is a trade—off between

spread and penetration. The larger diameter orifices produce

more spread , which indicate a good circumferential fuel distribu—

ti~,n , b u t  the penetration is relatively low . It should be noted

that the smaller orifices result in excessively high fuel pres-

sures and a lso the poin t of inject ion can no t be located a long
di s t a n c e  ups t ream of the area step change as this  w i l l  increase
the length  of the in le t  sect ion and increase the engine wei ght .
From the s t u d y ,  the best combinat ion of o r i f i c e  size and location
was e ight  o r i f i c e s  of 0 . 0 3 0 — i n c h  diameter located 3 . 7 5 — i n c h e s
ups t ream of the area change . Although t1~e penetra tion is
sl igh t ly  grea ter than 16 percen t of the in let diameter , the
spread is lar ge enough to produce adeq uate cir c u m f e r e n t i a l
distribution and the local fuel/air ratio is s l i g h t l y  greater
than stoichiometers ensuring good stability.

The igniter system selected for initiating combustion in the

a ugmen tor is a s imple  automotive spark p l u g  loca ted through the
side of the augmentor downstream of the step change in area. The

axial location was determined based upon the region of maximum

f uel concen trat ion adjacent  to the augmentor wall , as predicted
by the 2-D combustor model. The optimum location predicted was

1.6-inches downstream of the area change . The spark plug was

inserted so that the electrode protruded slightly beyond the

inner surface of the augmentor wall. Figure 13 represents an
overall schematic of the augmentor to be tested on the ETJ131.
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- Figure 13. Augmnentor (6.5—Inches ) for the ETJ131.
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(2) Model 1030 Auglnentor Design

Three augmentor designs, varying in combustion chamber

diameter were examined as candidates for the Model 1030. The

three diameters investigated were 6.0, 7.0, and 8.0 inches.

Table 5 shows the differences between the three augmentors

based on empirically derived parameters. It is evident from

Table 5 that the 6-inch augmentor could provide unstable opera-

tion due to the high dump Mach number. The 8—inch augmentor

also appeared to be marginal in stability due to the relatively

low dump Mach number . Based on the analysis using the two—

dimensional model , which takes into account the vitiated inlet

air , the 8—inch augmentor has a higher combustion efficiency

than the 6— and 7-inch augmentor. Figures 14 through 22 show

the streamlines , isothermal lines, and isofuel fraction lines

for the three designs. Comparisons of the streamline plots show

that the 8—inch design has a large recirculation zone and ,

therefore , more efficient burning . The advantage of the 8—inch

is somewhat o f f s e t  by the increase in pressure drop caused by
a higher expansion ratio at the dump cross section. Figure 23

presents the trade—off between augmentor efficiency and pressure
drop. Even though the large dump diameter offers a higher corn—
bustion efficiency, it also increases the pressure drop, which
reduces the thrust. Another impact of the dump diameter is the

~;oight and size of the augmentor . For a fixed—length augmentor,
increasing the diameter increases the engine weight and size,
wh ich reduces the effective thrust—to—weight ratio. The 7—inch

cornbustor was selected as the best compromise between perform—
arice , weight, size, and stability .

The same fuel injector penetration, spread , and local fuel!
air ratio analysis was conducted for the Model 1030 as was
reported above for the ETJ131. For the Model 1030, both 4 and 8
injectors were evaluated . The results are presented in
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TABLE 5. tIODEL 1030 PRELItIINARY AUGtIENTOR DESIGNS.

Parameter  6 Inch 7 Inch 8 Inch

Inlet Diameter (inches) 4.7 4.7 4.7

V6 1’ Inlet Velocity (f ps) 859 859 R5 9

D7, Dump Diameter (inches) 6.0 7.0 8.0

V7, Dump Veloci ty  ( f t/ sec)  527 387 296

!17r Dump tiach Number 0.235 0.173 0.132

Length (inches 29.5 29.5 29.5

LID7 
4.92 4.21 3.69

(
~
‘
6.l) (l4 ;7)  (l000)L5 (12

) 2.65 1.49 1.04

A7/A6 1  1.63 2.218 2.897
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Figures 24 , 25 , and 26. The best selection is e i g h t  f l u s h
- d rir~~fices , 5 035 i nch in r i i a o e t i u- , local.ed 3. G — i n c h ~~ - . s~~reai’~ of

the sudden expansion.

Ig n i t L o n  ‘.- JuS  T ”)rnp liSh eh -H t~ -~~ ~u r F ~ ine  e ng In e  i gn i to r

r iluq located 3 . 7 5 — i n c h e s  d o w n s t r e a m  of the expans ion  to coincide
w i t h  a r e - i i o n  o~ maximum fu a l  c o n can t rat i o n . A ske tch  of the
selected augmen to r  des ign  i s  -

~~ 
.;n in Figure 2 7 .

F e. ~1ain ~ornbustor Design

The orig ina l  ETJI 31 en.ir - ’ utilized a simple combustor

mounted at a right angle to the engine centerline . This config—

F - i i :j t  ion causes  the engine  ~h ont  ~1 area to be larger than desir—
- ib I e (icr  -~ n a i rcraft

_ ung inc . To; proposed , th e  Model 10 ) 0
( l ’ - : ( ~un~~ t r i t f , r  Uf l r 3 L f l O  :1 ~~ ‘i . e  r i o e i -u;  h a v i ng  e ith e r  the para l .]e l
or ri .jhL— ;i~igl , i r r an g e me nt .  I1u~/ eV cr , i t was dec ided to proceed
wi ~h the d :;iqn ~ f a combustor t hat  was pa ra l l e l  to the eng ine
cen terline because of its higher desirability . The design

c r i t e r i a  for  the combustor , inc lud ing  the pl enum and the fue l
i n j e c t i o n  system , were :

o Small  in s ize  to reduce f ron ta l  area and
a s soc i a t ed  drag

o Low cost

Acrieptahle performance and s t r u c t u r a l  in t e g r i t y
fur t h e  ] . en - j  Lii of t u e  :ni 3i~ ion .

d - ~;i gri met h od s  employed were Jiased on empir ical
ru 1- -tiunu F or g en e ra l  can  combl l stor  design , and also inc luded

I n I o r r n u t u)n ricrived f rom the des ign  and t e s t i n g  of the ETJ 13 1
e imhu ~;L c r.  A c o m p a ri so n  of the ope ra t ing  cond it i ons  for  the

t o ’~ ; F: - ~t I , oth  t he  hTJl31 and the Model 1030 are  presented
in T-ii 1 ’ 1 •

L 
_  
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TABLE 6. CO!IPARISON OF THE ETJ131 AND TIlE ~1ODEL 1030
PRIMARY COMBUSTOR INLET CONDITIONS (SEA-
LEVEL , STATIC CONDITIONS).

Parameter ETJ131 Model 1030

Tt3 s Inlet Temperature (°F) 363 371

1 t3 ’ Inlet Pressure (psia) 47.9 50.8

W , Air  Flow Rate (pps ) 2.27 2.84 ( .
Corrected Airflow (pps ) 0.88 1.04

Fuel Flow (pph ) 168.5 244.1

Tt4~ Discharge Temperature ( ° F)  1700 1900

1 1

I
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( 1)  F u e l — I n s e r t i o n  Devices
i_
I

cost ‘.-:as a n-~jcr consi :ieration in selectin F toe ~ JOl ifl~~C~~—

t i o n  dev ice  f o r  the  ~odel ~ 030  i ng in e .  Ic ul-aer  to mini;,~iZe toe

cost  of ~b f ue l i n jec t o r  md thc- os ;o oi ;t n d  c o n t r o l  equi p:~eot ,

the fuel injector was limited to  low—fuel—pressure device

- - -1~~il izi r t~1 :itite r ~i -!-i p ,rizer or ~~; ai rb1a~~t fuel i nj c - e t or . I n  i—

O-i t j  oes I r ’) ! - Lb’ ;
~ vF )r’-;~ sr ,r p0 r f o  rmaflce Os t imate$3  shc,wc ’1 t L  it at

t nc  cr~’Fir~
(- light— off sneed , Lhei would  be only 1 to 2 inciie :;  of

- - ‘~ ter—pressure d rop  -scros:; t he  CorTibustor. Since state—of—the-

: art ai.rhlast stomizers require Z to 8 inches of water pressure

drop to achieve good atorni:ation , ~he airhiast system was ruled

out.

The design variations con:.~ derod for the injector are shown

in  Ft-gore 28. D e s ig n  Z~ is euro co;’ip lex than Design B , but

s h ou l d  ijVO d longer l i fe  ~~vJ -ore uniform f u r ]  d i s t r i b u t i o n  in
c r c u r n f cr e n  j , f l  g irec t tori . d i VJo r Fi ie ~ di:; t r  ibu t ion , -

ho t  s L r e- ~k could ‘r -/i;;t and c:i ;; ’: localized i nci t ing of the L r a n —
;-;it :i.on t i r r r .

The mushroom vaporizer (Design Z~) i n t roduced  a i r  throug h

~.-.‘o different locations. The fu e l  t ha t  is sprayed on the in n e r
- -;all by the f u~ i t .the , is carried around the Va orizer by the

main air. The f 1o~- ,’ r a t e s  are  selected to produce a hi gh
equivalence ratio , specifically 7.55. This ratio is rich enough

to ensure th a t  the  CrIj )  will not melt. Auditional cooling air is

i i t : roduccr ’l  in i -runner to cool t h e  ou t e r  wa l l  and to impact the
1w-i ie.i’j j n’j t he  :rt i ;l ir oorn  to a t - i  in the a t o m i z a t i o n  of the fuel

( i i i v: r v  .t ‘ ; - ‘ r , o r i z ’ - - l . ‘( ‘he o’ . r ] i n g  a ir  i r ;  r I L r o ( A u c r r d such  t hat
or  1 f l i z e s  - -ii f . I t e  m a i n  t i  r and fuel Croni the i - t ~ ’ r L z e r ,

- i n  o i e r ~. i J  I ‘ - - j ’ i j - i i I ’ - ; -t~ rat io cI 4 . 0  e x is t
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OU T ER SU RFACE

COOLING
AIR

I NN E R  MUSHROOM
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _SURFA CE 7

F U EL
~~~~~~~~~~~~~IN _ _ _ _ _ _ _TUBE AIR 

-

MUSHROOM VAPORIZER
DESIG N A

~~~IN Z’ _

MUSHROOM VAPORIZER
DESIGN B 

-

Figure 28. Design Variations A and B of the Mushroom
Vapor i ze r  for  the Model 1030 Engine .

51

— A iiW1 .
~~~~ ~~~~~~~~~~

--5— - - - -5- - - - - -  - — - - —-~~~~~~---5



.)esi’3rt 13 is a simp l if i e d  version of Design A ari d o f f e r s

it t r ac t l ’fe  cost  s a v i n g s .  The f ue l  is s; ra’: - -~ on the  i:.~~~ .’ t h e

f- i c  1 tune to prov ide  cool In :;  t u a t  is car r  too ~ ro m i d  by toe r:~~ in

a rr flu’.-: ti , the same runner as I i -  s i j  A. Ibis ;eui j o -;a s s e l c o —

el us a f i rs t  ~ nn r r r a c h  s in - sc -  ~~ - - e r ;  ::t:-e 1 :tr  to t : i -~~ s’sten used

iS  (:,~r l i E : i t e s t i ng  of the  !.T IY ~l c - b is lower i t  cos t .

2 .  PRO1_ IIJCT 10(1 h~I;  i.:Ji :  Dt SI  ‘; !

‘ lb - r ;p ec .r  f ic hardware dos i ~:re U f o r  t i t~~ 
- lo i’ 1 1 5 30  lo t i on—

s t r at i o n LO:~t was not in tended  to i,e a production confi guration.

)ue  to t h - - :~coee of this  pro r - ± .  - , t he  h , ir d w  i r e  f o r  the  t e s t

wa~; de s igned to allo;. d- - - . ~n st r a t ion  of the engine per—

formar ce and l if e  g oa l s .  At  ¶ u ~ r e ren t  of weig h t , s ize , ari d cost

-;oats were to ho based on a proc iction engin-~ iesign. Specific

corri;-onents affected by t h i s  appro ach  i n c l u de u :

o Co mbu s t o r

o T u r b i n e  scr ol l

o A u g m e n t e r  and th r -u s t r ; r ,z z l e

0. o-ir ing m d  lu o ) r  t eat  ion system

o Pool con t rol

i . Cornb us tor

Co m bu s  tar d-e-~’e1opinent for  the  Model 1030 was not include-S

in the  SCOpe of the p r o g r am .  I t  w as  sr i--ginc .ally . p l anned  f o r  the
eng ine  to he tes ted w i t h  a com]uustor pe rpend icu la r  to the eng ine

centerline simi lar to that developed for  p rev ious  ETJ 131
; i - 1 in ’ - s . hub se qu an t  to c o n t rac t  award , i t  was decided tha t  t h e r e

war; 5 i f t  m c i -nt confidence in a combustor desi gn having its a x i s

or i -r i) ’ - d i - - i r a l  Jo 1. to the  engine centerline tO warrant a ( ie rn ( ,n~
:0 i - i L  ion  - i t . t empl :  w i t h  th is  design. Accord i n j i -~ , t i m e  D o r i s  F or

rod ,e . P we i’; Ii  t Si. ze , a 110 — :o:; t as t i m m m i to of th  i~ coi~ ~~~~i L -  m m L
I I - L i  0 .

~32

________________
- -5-  - -- - -— a-- ~~~~~~~ - - -  —



— -5  - -~~~~~ ~~~~~~~~~~ - - - - 5~~~~ -— ~~~~~ - 
- - 5 - - —~~~~~~~~~~~~~~~~~~~ —~~~~~~~~~~~~~~ 

- - - - -5 — - -

- -~ mr~~ - - - -- — —--— -~~ - -——~~~~~~~ --— —---- — —~~~~~~ ‘- ~~~~~~~~~ - - -5 --~~~~~~ -

b. Tu rb ine  Scroll

The tes t  eng ine  was to be designed w i t h  a new tu rb ine  scroll

not presen t ly  in product ion . This  was necessi ta ted by the
increased flow and operating temperature of the Model 1030. A

seconda ry goal was to achi eve a l igh ter wei ght  by changing  the
material from GMR 2 3S —— as used in most production turbochargers

-— to a h i g h e r  t e mp e r a t u r e  material , and to reduce the ave  rage

w a i l  thickness of the s c ro l l .

This secondary goal was to be achieved w i t h o u t  changing  the
f a b r i c a t i o n  method presently used in turbocharger production or
launching a casting development program . The material of the

new test eng ine tu rb ine  scroll was changed to Has t e l l oy—X , and
the average wall thickness was reduced from 0 . 5  inch to 0 .3 7 5
inch . Fur ther  thickness reduct ions  were determined to be r i sky
without the benefit of significant casting development effort.

A significant weight reduction was not achieved even though the
w a l l  th ickness  was reduced as i t  was o f f s e t  by the size increase
of the scro l l .

Other approaches for  reducing the weight  of the scroll
incl u de:

o Sheet metal  f ab r i ca t ion
o Chemical  mi l l ing
o Investment casting

Sheet meta l f abricat ion is considered the most promis ing
and a limited amount of work has been accomplished to verify
f e a s i b i l it y . Ilowever , engine cost would undoubtedly increase.
The ex t en t of t h i s  cost increase  was not de te rmined . However ,
it is believed that the invc, tment cast approach would be more

“xp ’ n s iv e  than the sheet met a ’  approach for reasonable yields .
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The we igh t  of the f ia st e l l o-~-X tu r b i n e  hous ing , as fa b r i —
calera f o r  ~~ie ‘m e m o n s t r a t~~on err ; 1~ne , is 4 5 .  C p e a s - I s .  I f  a
metal or in-:es t m - r e n t  cas t  ap p - r o u c r i  wore  developed , wei g h t  ~ f t r i o

turbine housino ii; est~ m mat emi i t  OtO:-:11-m ~~t ~~
-
~

- 21 p o u nd s .  Th i s
c o rr e sp o nd s  to iri oi -~~t u  - c ’ .- .-u ll t b i r d :~ ss o~ . S to 0 . 2 0  in c h .

c. -u- rn n o

The a u - T r : ~~n tor , -i s t esteo , is s i m i l a r  to t h a t  en’iisior .od
t o  a [0:0(1102 t Len  dos i(Jfl. r i O  l i  j or c n a n g c m s  ~~~~~~~~ 

l( COflr , 1st of
oo t i r m L Z L f l g  P1.- 1 i - t  t o n al L h l c b ’ m ±  ;:; oL the me t a l  case  ar id , a:;

en r i l e d O~~ l be der rmos: -;t rat re to P m u g ,  impr e-J ing  the m e t ho d  rj f

r c -~ n i m i g  t r i o - iL l  u t i / e  l ino~

The w’~ight :  of the augme ter us tested was 35 .5 p o u n d s .
‘rho ‘r: ;1 irnated r- :eig ht of a p’o~: i r t i~~n ve rs ion  is 2’l pou n d s .  Sh e

red-action in wei ght  is due to reducing the thickness of the metal

r u s e f r om  0.062 to 0.040 inch. The weight breakdown of a pro—

S-mo tion a-u gmentor is:

o ~ ot a l  c-u se — 13. 2 pound s
o AblatIve liner — 13.7 pound s

o r gnitor , f u e l  n o z z l es  — 2.0 oounds

-rc t: -1l 2 8 . 9  pounds

‘ z ’ m t h r - m s t  n oz zl e  r i eslqne( 1  f o r  t ile  t e s t  eng inc is shown ii i
!- t g - m r o  2’, .  ~ :P-~e tc h  g i v i n g d i r r m o n r ;~~ons is shown in Fi gu r e  30.

The l e n - ;  f m~i of l a m e  nor  r b  1:; - i p ; r ox im a t el y  Il  inches due to the
‘vuoson n o z zl e  h a l f :  -u -~ le oL 7 rir-grees . This leng th , and there-

f o r e the  -‘eight , could be re-Jacob in half by increas ing  the half
r-n qlL e to i -S degrees . There  is -a t r adeo f f  between a w e i g h t
-im:m cre ase (2.0 prr - rn ’l s ru mximum ) and nozzle performance change

t hat  -i - is not iemve stigatcmd . The weight of the test nozzle is
4 . 5 p ound :;
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Figure  29 .  Thrus t  N o z z l e .
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11.06 
________

11.02

F

10.08 9 08 ~~~~~ 7 9410.12 BOLT 7.30 4.63 ~~~~~ 7~90CIRC. 459 5.30
D A.

— — 0.33 - 0.37

0.3: 0.37 — 0.277 DIAMETER THROUGH
0.273 SIX HOLES EQUALLY

SPACED.

MATERIA L: MA CHINE FROM
GRAPH ITE
15 MI L SILICON
CARBIDE COATING ,
ALL SIDES.

Fn ’jure 30. Thrust nozzle Outline.
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rj~ Bearings and Lubrication System

There were no provisions for bearing or lubrication system

study or development rr: this progr ar-m . The system selected for

test is the standard sle-e- ’e b’~ar ir with external lubrication

system . In a related pr og r irm , (Contract F336l5—76—C—2072)

sleeve bearing s with an eng ine-mo anted , self contained lubr ica-

tion system, and a ball bear m u  dir/oil mist system was investi-

gated . For pro3ecting cost dS-i weight of a production engine ,

the ball bearing air/oil r-ist system was selected .

e. Fuel Control

There were no provisions for fuel control study or develop-

ment in this prog ram . The basis for the cost and weight of a

fuel control were based on conceptual  design study conducted
under  U SAF Con t rac t  F 3 3 6 15 — 7 6 - C — 2 0 7 2  of a f l u i d i c  cont ro l  sys tem.
The estimated weight of this control , as applied to the Model
1030 , is 1.5 pounds.

f .  Production Engine Design

A cross section of the production engine design is shown in
Figure 31. The production cost and weight estimates are based

on this drawing with one significant difference . To allow for

installation of the ablative liner , the material is tapered from

a thickness of 0.375 inch at the forward end to 0.313 at the aft

end of the  au gmen to r

‘r}-ue c-ilculated frontal area of the production eng ine  is 181
s pi.arrr inches or 1.26  square feet. This compares to the goal of
1.2 s q u a r e  f e e t .  The est imated volume of the engine  is 2 . 5  cubic
fee t , as compared to the goal of 3.0 cubic feet.
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g .  Product ion  Eng ine Wei gh t  Es t imate

The estimated weight breakdown of a production version of

the ETJ 131 Model 1030 eng ine is shown in Table 7.

TABLE 7.  ESTIMATED ENGINE WE I GHT BREAK DOWN
ETJ131 MODEL 1030—PRODUCTION VERSION .

Baseline
Engine Estimated
Weight Production Engine

Component (Pounds) Weight (Pounds)

Turbocharger center housi ng and
— ro ta t ing  group 18.0 18. 0

Compressor housing 5.1 5.1
Turbine housing 14.4 21.0

Cornbustor 12.5 14.2

Fuel control and pumps 1.5 1.5

Augmentor 29.0 28.9

Nozzle 3.0 4.5

Miscellaneous 3.0 3.0

TOTAL 86.5 96.2

The estimated weight , although less than the program goal

of 100 pounds , can be improved with further development. Primary

areas for wei ght reduction include the combustor (“.2 pounds)
the nozzle (“-.1 to 2 pounds) , and the augmentor (“.4 to 5 pounds).

Of the elements included in the production weight estimate ,

the center housing and rotating group , compressor housing , corn—

bustor and nozzle are actual weights. The augmentor and fuel

control weights are based on actual weights. The turbine housing

we igh t is th e only  element of the es t imated eng ine weight that
is not based on actual hardware.
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h.  P r o d u c t i o n  Cost

The produc tion engine cos t es t imate  was based on the cros s—

section drawing  shown in F igure  31. The estimate is in 1977
do l l a r s  and based on a y e a r l y  p r o d u c t i o n  ra te  of 1000 u n i t s/
-‘ear . The estimate shown in Table  8 is bel ieved to he accura te
to 1- 3 1) percent -is specified in t:h’: contract.

TAR LE ~~. 1-TJ1 ~1 NObEL 1030 I1 RODU CTI ON L~G1bE cosT ESTIMATE
107 7 DOLLARS , 1001) UNITS PER YEAR.

Cos ts
Components (Dollars)

Turbocharger  700

Fuel control and pumps 340
Combustor assembly 355

Augmentor and nozzle 875
Plumbing 45
Assembly 220
Production test 2 6 5

TOTAL 280 1)

The cost es t imate in Table 8 was prepared before  the
f a b r i c a t i o n  of the new , la rger  turb ine  nozzle  was comp leted and
before the demonstration test. Casting difficulties with the
h igh  t empera tu re  mate r ia l  tu rbine  housing indicates that  a sheet
metal or investment cast approach will be required. Although

some increase in cost for the turbine  housing was allowed ,
relative to current turbocharger housings, it is not suff icient
to cover the cost of a sheet metal or investment cast approach.
Al so , the demonstration tests showed the need for a more sophis—

t ie:atod ( l f l( 1  mor e expensive  ab la t ive  l iner  re ten t ion  system .
r e cord rn~j l  y ,  the prlce , as shown , can be expected to increase.

60



3. FABRICATION AND PROCURE MENT - TASK IC

The main eng ine components f ab r i ca ted dur ing the progra m
were

o Combustor

o T u r b i n e  housing

o Augmentor

- Water  cooled version for  basic ETJ 131
— Model 1030 version w i t h  ablat ive l in ing

o Exhaus t  nozzle

a. Combustor

As previously discussed , it was decided early in the program

to demonstrate the engine wi th the paral lel  combustor rather
than  the perpendicular combustor originally planned . From a

f a b r i c a t i o n  standpoint , many of the combustor parts  are common
to either desig n ; the pr imary d i f f e rence  being the t rans i t ion
elbow from the liner exit to the turbine inlet. Two sets of
combustor parts were fabr icated , but only one set was assembled . 

- 

- 
-

The second set was held in reserve in case it was necessary to
rever t  to the proven perpendicular  combustor des igh .  The corn—
hus tor  design is a welded assembly made from 321 s ta in less
s teel .  The ou t l i ne  drawing is shown in Figure 32 and the
fin ished part is shown in Figure 33.

Several  changes from the des ign described in subsection 1
were made to simplify construction and reduce cost. Major

oh inges  i nc luded  the el imi nation of the dome hats , alteration of
t he  coml,us (or he e p at t e r n , :ir-ud subs t i tu t ion  of version B of the
‘ushroom v ap- r i z - r  fu e l  n o z z l e .  The dome ha t s  were removed
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because they were cos t ly  to f a b r i c a t e  and weld onto the corn-
hu sto r .  The dome hats  were replaced by 12 holes equa l ly  spaced

on the combustor  dome concen t r ic  about the vapor ize r  cen te r l ine

and 12 holes equally spaced on the combustor wall approximately
3/4-inch downstream of the dome. The original design of the

plenum and combustor specif ied i n t e rna l  diameters of 6 . 0  inches

and 4.75 inches , respectivley , fabricated from 0.075-inch stock.

Neither of these dimensions resulted in standard pipe or tubing
sizes;  the re fo re, the plenum and combustor were fabr ica ted  from
6 . 0 2 4  O . D .  by 0 . 0 6 6  wal l  and 5 .00  O . D .  by 0.063 tubing , respec—
t iv e l y .  S l i gh t  changes in the combustor o r i f i c e  dimensions were
also made to r e f l e c t  ea r l i e r  experience in the o r ig ina l  ETJ 13 1
combustor  design .

b. Turbine  Housing

The f ab r i ca t i on  of the new turbine housing from Hastel loy
was done by the AiResearch Cast ing Division to specifications
prepared by the AiResearch Indus t r i a l  Divis ion . The turbocharger
was a d i rec t  scale of a Model T—1 8A production turbine housing .
Fabrication included the design and construction of casting tool-

ing ,  casting of the turbine housing , and machining. The turbine

housing is sand cast which is normal for  the low qua nt i ty
requ i r ed .  Shell mold castings are normal ly  used for  high produc-
tion quantities. The surface finish and other characteristics

of sand c a s t i ng s  are essent ia l ly  ident ical  wi th  shell mold cast-
i n g s .  However , once tooling is developed , shel l  molds ( h i g h —
temperature fused sand with binder) can be prepared in quantities

for  hig h p roduc t ion .  Whereas , sand casting molds requi re  consid-
er ab l y  greater prepara t ion time per piece.

Three attempts were required to cast acceptable housings ,
although the problems were typical of those encountered in cast—
ing a new part particularly with a new materia l , such as
ff.is (~- -ll oy. The primary problems were shrinkage , core slip, and

64

L - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- -  —



--5 —-- - - - --- --~~ ---—---- - - - .--- - - - -- -—------ -—- - - - -  --5—- 
- 
— -5

poros i ty .  The l as t  a t tempt  produced cas t ings tha t  had some

porosity and shrinkage cracks but were weld repairable. For a

produ ction progr am , the casting problem encountered could
definitely be solved and castings can be produced that would

not  r equ i re  weld r e p a i r .

Three acceptable turbine housing s were made and two were

sent  out  fo r  weld r epa i r .

c. Augmentor Fabrication

Two versions of augmentors  were fabr ica ted dur ing  the
program . The f i r s t  was a water—cooled version , sized for the
basic ETJ131 engine . It was of all metal construction including

-a wa te r—cooled  meta l  n o z z l e .  The second vers ion  was the demo n-
s t r a t i o n  u n i t  and consisted of a metal  case wi th  a Dow Corning
9 3 — 1 04  a b l a t i v e  l i ne r .

A photograph of the wate r—cooled  design is shown in
Fi gure  34.  Two cooling c i r cu i t s  are provided. The first cools

the clump combustor , and the second cools the thrust nozzle. The

cooling j acke t  consists of an 8 .0 - inch  O . D .  s ta in less  steel pi pe
wi th  0 .120- inch  wal l  and two end r i n g s .  The cooling jacke t
sl ips over the dump combustor , and is suppor ted by two r ings
welded to the augmentor tube. An 0—ring seal is provided

between the standoffs and the cooling jacket end rings.

Water is introduced longitudinally at the forward standoff

through eight 0.375—inch ports. There are four 0.75—inch water

eu tie Ls j u s t  !Iorward of the cool m g  jacket end ring . Also

I r v 1  irded on the augmentor/cooling jacket are two hangers for

s l J s [~e f l d L f l g  t he  assembly on the thrust stand , and an i g n i ter  b OSS
- m d  sh i eld . The i.qnitor boss is on the cooling jacket and

hol d s the ignitor in place .  A shie ld  is provided to pro tec t  the
i g n i t er t rorn the water flow .
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Figure  34 .  Water-Cooled Augm ento r.
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¶ l u t e r is ~n t r o - lu c e d  b e h i nd  the aft er~ rio thr~. s h f’ o

0 . 5 — i n c h  m a r t s  to cool the  n o z .~l e .  h o z z l e  ce m l ir v ~ f lo- .- .- e x i t s  tu
at- csphere .

The augmenter tube is constructed from 6.5—inch I. D. stain-

less steel tubing .

The Mod el 1030 su J r ~ent o r - . m S  f ab r icated as des igou-J . The

m e t a l  case was ro l l ed  and w e l l e d  f r o m  0 . 0 6 5 — i n c h  wa l l  of 347
s ta in less  shee t .  The !--(et a l  case , as f a b r i c a t e d , is shown in
F i g u r e  35. Fo 11owin~ f a hr i c  m o l e s  of the metal  case , the  Do w
Corn ing  9 3 — 1 0 4  ab l a t i ve  llr,er was installed . A mandril sized

to a l low for  the des i red  thickness of the ablative material was
f a b r i c a t e d . The t h i c J : ne s s  o: the a b l a t i ve  l i n e r  var ied  f r o m
0 . 3 7 5 — i n c h  in t he  f o r - .-~ m rd Sect ion to 0 . 3 13 — i n c h  a t  the a f t  end .
The 1r ocedu r e used  in app ly i n g  t h e  l i n e r  -.- ias:

o Cover the in le t  to the combus t ion  section of
the augmentor

o Fill the combustion section with the required

amount of Dow Corning 93-104

o D o— a e r a t e  the 9 3 — 1 0 4

o Plunge a tapered mandril along a guide rod

i n t o  t h e  9~~— l 0 4  m a t e r i a l  f r o m  the n o z z l e  end
and  e x t iu d e  the m at e r i a l  to the proper th ickness

mS set by the n i anc i r i l  d imens ions

o D r i l l  ho les  through  the a b l a t i v e  liner at t he

inlet end to help ventilate gas pockets formed

Dy backside heating

Pigures 36 an d 37 show the augmentor after installation of
t h e  - m bl - mtive liner.
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Figure 35. Model 1030 Augmentor .

NP-63624 68

- - — - - - --5 - - 5  . - 5
~~~~~~~

-
~~~~~~~~~~- -— -~~~~~~~~~~~~~~~~~~~~~

- - - - --



r 
~~~~~~~~~~ 

-
~~

---
~~~

- -
~~~~~~~

- — --5— ——- 
_ _ _ _ _ _ _ _ _ _

-

~~1,�_ 
-

- 

-‘ - i 

- 

- 

\
_ 

S

- -

- -5-,
--

_ _ _

Figure 36. Dump Combustor .
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Figure 37. Ablative Lining .
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d. Th r u s t  ~oz z l e

The thrust nozzle , Figure 38 , was machined from 11L~ 8

graphite by Amercom Corporation . After machining , a silicon

carbide coating , 15 mils thick , was applied .

4. ASSEMBLY AND DEVELOPMENT TEST

a. Augmentor Developnient Testing

Early in the program , it was decided that due to the lead
time required for  the new t urbi ne hous ing , it would be beneficial

to design and test an augmentor for the smaller , basic ETJ131 to

demonstrate feasibility of the concept. This engine does not

have the high flow of the Model 1030 and is not designed for the
1900°F turbine inlet temperature of the Model 1030 but  a test

engine from a previous program was available. A water—cooled

design was chosen on the basis  of augmentor l i f e  and cost.

1. A ssembly and Test

The tests were conducted at sea—level , static conditions.

The thrus t  stand and eng ine ins ta l la t ion  are shown in Fi gures  39
through 41. Figure 39 shows the test stand , inlet belimouth ,

and primary combustor. Figure 40 shows the turbocharger portion

of the engine and the piping that provides high pressure air for

starting . Figure 41 shows the water cooled augmentor , the eight

water inlet lines , the four water outlet lines , the ignitor boss ,

md i I— inch diameter burst disk for system protection.

The augmentor configuratir~n tested had an L/D of 5.5. The

water cooling jacket for the exhaust nozzle was easily removed

and allowed for cutback of the nozzle to larger areas according

to test requirements . The nozzle cooling water discharged as a

c y l i n d’u .  of ~.‘;m ter surrounding the augmentor exhaust gas stream .
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Figure 38. ETJ131, Hodel 1030 Thrust Nozzle.
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Figure 39. Augmented ETJ131 Test Rig Setup .
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Figure 40. Starting System for Augmented ETJ131
Test Rig Setup .
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Figure 41. Water—Cooled Sudden—Expansion Augmentor
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In order to calibrate the augmentor exhaust nozzle and to

de te rmine  the  sudden-expans ion  b u r n e r  p ressure  d rop ,  a special
exit total—pressure rake was fabricated. The water—cooled total—

press ure rake , adapted f rom a previous design , consisted of four
total—pressure probes constructed from stainless steel with a

stainless—steel water jacket. The installation is shown in

F i g u r e  4 2 .  The water—cooled rake has a thermocouple imbedded in
the case to monitor case metal temperature .

2. Instrumentation

F i g u r e  4 3  d e f i n e s  the engine  s ta t ion designat ion for  the
tests . Primary instrumentation consisted of the following :

Station Location Instrumentation

0 Ambient  Ambient pressure
Ambient temperature

1 Beilmouth Throat 4 wall static pressures, 90° apar t
3 Compressor Discharge 4 wa l l  static taps , 90° apar t

4 total tempera tures
3 Combustor Inle t  4 wall  s tat ic pressures
6 Turbine Ex it 4 wall  s tat i c pressures, 90° apart

4 total temperatures

Hozzle Throat 4 element exit total pressure rake

bther instrumentation included :

o Rotational speed—magnetized nut and horseshoe

collar

o Fuel f low to primary burner

o Fuel flow to augmentor

o Thrust: (load cell)

7(~ 
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Fi gure 42 .  Ins ta lled  Water—Co oled , Ex it—
Total-pressure Rake.
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0 
3.1 4 7

0 AMBIENT , BELLMOUTH INLET

1 BELLMOUTH THROAT , COMPRESSOR HOUSING INLET
2 COMPRESSO R ROTOR IN LF.T PLANE
3 COMPRESSO R DISCHARGE (PLENUM)

3.1 COMBUSTOR PLENUM DOME
4 COMBUSTOR DISCHARGE , TURB INE INLET (TORUS)
5 TURBINE ROTOR EXIT PLANE

6 T U R B I N E  EXHAUST FLANGE PLANE
6.1 AUGMENTO R DUCT IMMEDIATELY UPSTREAM OF SUDDEN EXPANSION

P L A N E

7 AUGME NTOR DUCT IMME D I ATELY DOWNSTREAM OF SUDDEN EXPA NSION
PLANE

7.1 EXHAUST NOZZLE ENTRANCE
8 EXHAUST NOZZLE EXIT PLANE

~,1-j ur e 43. flTJ13L Model. 103 Station I)esignatiori s.
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o Augmentor skin temperature ( 3  pl aces )

o Cool in- :  f l o w  t empera tu re

3. Devele;inent Testing

The first test of the water—cooled auyrnentor was success-

tu l ly accomp lished on January 14 , 1977. A light—off was

achieved on the first attempt.

To provide a synopsis of the test procedure , the f i r st run
of the augmentor will be described . The engine , wi thou t the
augmente r lit , was started and stabilized at an exhaust gas tern—

oerature 150°F below the fmor~ al maximum . This was done to pro-

vide a margin since auyrnentor light—off without variable nozzle

-Jrea results in an increase in turbine inlet temperature and a

decrease in speed. Fuel flow to the augmentor was 190 pounds

~er hour when light—off occurred . Engine thrust observed before

Li ght—mff was 73 pounds and increased to 100 pounds after light—

off.

Water flow to the augmentor and nozzle was 83 gpm . Aug-

nentor metal temperatures ranged from 95°F forward to 160°F aft.

After light—off , the temperature increased approximately 100°F

and engine sueed dropped approximately 4000 rpm . On shutdown ,

the blowout noint was between 130 and 150 pph . In subsequent

tests , whenever augmentor fuel flow was increased , eng ine speed
was decreased to provide marg in for the temperature rise. After

th e a’iqmentor was stabilized , speed was increased to bring the

terrqme rdLur~ back to the norma l maximum .

t o !  l o w i ng  the initial checkout tests , i 5-/stematic investi—

‘;-mtion to determine the following was undertaken :
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I. -~~~ -en r or ~ or cc

0 :.o z ! 1 - c - ;r ;JutCr . 5L i S S

0 -‘;e::.-5~i1 o~’eLntici- ~ .~ ra-2~ -~riscjcs

-r~~r i o  noz>c~ e ar-ads were ln!estig-nteci to ~rs-- ’i ie -data ~or a

~0zzie calibration. Test d: ta ;i’ i the a-u:;mentcr ~it -aus n o t

ac-j jired with th e  small nozzL fl - .82  squa re  in c h e s)  . The  other

c~;:o nozzle area:; tes~ e ru 14 . ~0 square inches -a nsi 15. 36

a ~~ -c is ches. It s h o ul d  he sc-ted that the nu-rfornance of t:~e

basic hTJ1~~1 ‘.-~ith :ia-~an nt c r  is ic -icr than tha t  predicted f o r  the

~-~e-:Jel 10i0 . Th i s  is due to ~v 1- -icr f l o w  rate of the ETJJ31

ir: — ; t:-~~ io’-i pressure into t-:e ,~ :‘jrcentor due to lower turbine

j f l j r . 1  t r - n 1, e~~
- i t  ee . Test. rca ; ;] : ~‘r  t h c-  L n t e r ’ ’ - -- u i  ~~ n oz z l e

r r ~ -~ (14 . n~; s ’ lj i r e  i ;t ch c r ’ ) - -Ii~ n the iA - i nfer l i t  are  -hi’r.-jr

ii ‘1.’ h l e  ‘
~~~. ‘ I I ’ -  ~1 - L  is r , f ; o ’  2~~~ nt ~~’i - t r i p t ;  ‘;.; t i-J , - ~ c ; apceu

— I  ;: ur;~ or t :!ttper-ltlrc ~~~ H I L !~g i-in -iL l. - : - ;) arc not constant.

1’ n r (  iS ( J ( - n e r d l l y good cerr’- - i ~ : ion  ot tested and predicted

-
, i l  ace ; . T ; ; ru s t , T:~ FC , speed , dfl(J tem~ierature have  been correct—

cc; tO st - i ; 1 u ar d  d ay .  Also Shr , -;:r . is a ignentor efficiency

- :alcfla tc�d f r om  tes t  da ta  and :,r’-dictecj levels. Table 10 sho -,s

s i ni l a r  r e s u l t s  f o r  the large  n o z z l e  area ( l 5 . 3 ( ~ squ a re  inches
Th i s  - l a t a  sho~-,s more v a r iat i o n  f rom the predicted data

t h an  th - .: r e s ul t s  f o r  the smaller nozzle area , though  c o r r e l a t i o n
is s t i l l  ‘;ery r easonab le .  Tested auc mentor efficiency versus

~,!eral1 fuel/air ratio is anown in Fi gure  4 4 .  The t es ted  a u g —
ave r~ gr~ r-f I iciency is apprexima tely 1) .88 as compared to

-~~ Ir :dictc (l value of 0.8(8 .

of ho t i - c ;  Ling was dr  ce - to check the performance of

- I ’  ‘ c r l ’ l  I I L ’ c  i n  tOO nort auyric±nt d itira de and to cal ibr - i  to the exhaus t
r 0 Z  z oc ;  . V ig’irc:-; 4 ~ , 4 t , and 4 7 compare non—a i gm en  Lcd tes ted
.~ er  I er n -~n ’;e w i t .h nreP ctcd non—au ’~rct r-nt o d pcirf orn-unc - for the

. -c , ~-d tica’o~i Y e a s .  Thu c o n - t  l a t i o r t  beta-ien ri tic~~tc- ’i and pre—
-i 1 0 : 1 . 11 - ‘ - r ~ o r r - I - ncc .- 15  ‘Joe-I . - : ~z e  thrust ce~~ffici ccnts were

‘:.i~~c si. -na-e ; , i ’ ; ’ - ’ ;  ri; ; th i s  i - i t s ;  and -m : e she -in in Fi gure 48.
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The objectives of testing with the water-cooled augmentor

were achieved . Total engine test time was 16.31 hours and total

augmentor test time was 9.24 hours. Predicted augmentor eff i-

ciency levels were verified and predicted engine performance for

the basic ETJ13I was validated . Familiarity with the augmentor

was gained and there was no evidence of light—off , blowout, or

stability problems. Appendix B provides a log of engine running

during this phase of testing.

5. MODEL 1030 ASSEMBLY AND TEST

a. Assembly

Figure 49 shows the Model 1030 engine assembly including

the plate for thrust stand attachment and instrumentation.

Figure 49A shows compressor discharge thermocouples, static—

pressure tubes, and combustor dome static—pressure taps. Figure
49B shows combustor discharge static—pressure taps and bosses for

combustor discharge temperature thermocouples.

h. Engine Checkout

The engine was operated without the dump combustor at sea—
level static condition to verify operation of the engine. All
of the manual controls were checked and operated satisfactorily.
The engine , however , did not reach the anticipated operating
speed for the operating temperature due to excessive cornbustor
pressure drop. The problem was traced to the transition between
the compressor housing and the cornbustor plenum . A flow
restriction at the plenum inlet caused excessive pressure drop
aeross the combustor system.

Modifications were made to the combustor plenum, as shown
• in Piqure 5~ , to increase the flow area at the intersection

between the compressor discharge duct and the coinbustor plenum .

if
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Figure 49A. Front View Model 1030 Engine Assembly.
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Figure 49B. Side View Model 1030 Engine Assembly.
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Figure 50. ETJ131, Model 1030 Modified Combustor.
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This ~ as accompl ished by locally increasing the plenum-coinbustor
chan nel he ight. This modification cured the excessive pressure

drop ~rohlem hut accentua ted ~ teri~ era ture dis tribu tion ~roblem .
Early engine tests , as well  as tests  of the mod ified  pl enum ,
demons tra ted a hot streak on the inner radius of the transition
duct. The hot streak was sufficiently high to structurally

damage the transition elbow when the combustor was operated at

maximum discharge temperature for extended periods . For this

reason it was decided to modify the engine hardware such that the

combustor liner could be easily removed . The entire combustor

sys tem was then tested as a unit in the AiResearch Combustion
Test Facility .

c. Combustor Rig Tests

The first t es t  evaluated the combustor in the original

eny ne conEiguration duplicating the combustor inlet conditions

f or sea level , Mach 0.7, operdtion. The burner exit temperature

• was measured by four thermocouples located in the transition

elbow . The temperature variation measured by the thermocouples

at the 1900°F average discharge was from 1520°F to 2257°F. The

2257°F was near the melting point of the transition elbow

material and was therefore unacceptable.

In order to better understand the flow field of the burner ,

an atmospheric test was conducted . An atmospheric test is

accomplished by pull ing a vacuum on the discharge end of the
r2oml)ustor, drawing room air through the burner . Since the

1, irnec itseI~ is exposed , it is possible to look through the
f i r  i ( J A ;  ~~~ hu~;Lor orifices and observe the flame type and

pr ..~ ; i t  iou . During this test , it was determined that the vaporizer

n~~t L~~rictioni nq properly an l the operation was very sensitive
to the •il Lynment of the fuel tube inside the vaporizer.
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The vaporizer was redesigned to ensure correct ilignment of

the f uel ~-uh~~. The fuel injection tube ti p was ch anged fr o m one

axial orifice to six radial orifices to imurove the circur:fer-

• ential fuel distribution. The atomizer was Increased in size for

greater iirflow and the small twel!e domc. orifices were remove J

since they were no longer needed with the new vaporizer. Tue

ensuing test revealed that the discharge temperature variation

had been red uced along with a reduction in combustor wall tem—
neratures. However , the hot streak on the inner radius of the

transition liner still existed .

Four rows of five orifices , 0.2 inch in diameter , were

drilled at the discharge end of the transition liner as shown in

Fig ure ~J . The~ r� small oriri •ces were to provide ~. fi lm of air

tj i •it : woul (I cool the inside rad i us of the transi tion liner. I n

•J ( IdL LL Ofl , the diameter of the d ilution holes was reduced and the

n u mb e r  in~~rei~sed from six to twelve for  more u n i f o r m  m ix i n g .

Tes ting of this  conf i g u r a tion showed that  the local
cooling holes did reduce the transition elbow wall temper atures
subs tant ially on the inner rad ius , causing the outer radius to
become hot. Therefore , a final modification was made to dis-

tr ibute the cooling holes around the full circumference of the
burner discharge , as shown in Figure 52. Testing of this burner

at the :;ea—level , Mach 0.7, simulated conditions produced
lcce[)tahle discharge temperature distribution and attendant

t r ,j r i~;ition liner wall temperatures. This configuration was
r’eominended [or Use in the full engine tests .  The f i n a l  corn—
b~~~; t or ‘~ori [iquru tion is shown in Figure 53 .

d . Compressor and Turbine Rig Tests

The AiResearch Industrial Division rig tested the corn-

~r ;sor arid t urbine , i nc lud ing  the new tu rb ine  housing , as a
i t , and p ro ’~ ided upda ted  pe r fo rmance  maps.  These were corn—

r : i r e r l  with the estima ted maps previous ly  suppl ied .  Compressor

( )3
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Figure 53. Final Cornbustor Configuration.
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efficiency was unchanged and turbine efficiency decreased by

7 points at the engine design point. The reason for the decrease

in turbine efficiency could not be explained without sig n i f i c a n t
testing and analys is which were not judged to be within the

scope of the program . The affect of this efficiency change is

discussed in a later section.

6. DEMONSTRATION TESTING

The goal of the demonstra t ion  test was to ru n the engine at
sea—level , Mach 0.7, for th ir ty minutes  and produce a thrust of
20(i pound s at a specific fuel consumption of 3.07 Pounds—per

hour—per—pound. The actual demonstration was preceded by:

o Ins ta l la tion and checkout of the Model 1030 ,
wi thou t the augmen tor installed , at sea—level
and ram conditions

o Performance tests with the augmentor installed

but inoperative at ram conditions

Total  r u n n i ng time of the engine in the al ti tude f ac il i ty
was 5 hours and 31 minutes. Of this time, 47 minutes were logged

wi th  the auqmentor instal led and 6 minutes were logged wi th  the
;i i iymentor ope ra t ing . Test logs covering th i s  phase of testing

are included in Appendix C.

a. Installation and Checkout Testing

The ins tal la t ion of the Model 1030 , without  the augmentor ,
in the 2\iI’~csearch a l t i tude fa c i l i t y  is shown in Figure 54.
Installation and checkout testing was accomplished at nominal

sea-level , static conditions . The purpose of these tests were

to r H i e c k o u t  thd daf:~u acquisition system , gain experience in

~)perat m y the engine , and to determine the performance of the

07
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Figure 54. Model 1030, without Augmentor , Instal led
in AiResearch Altitude Facility .
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basic engine . Engine airflow was taken from the cell , which was

open to ambient , and directed to the engine by means of a cali-

brated bellmouth. A schematic of the engine instrumentation is

shown in Figure 55 and a descriptive list of this instrumenta-

tion is given in Table 11. Recording methods for the instrurnen-

tation is also given in Table 11. This engine is mounted on a

thrust frame that is suspended from the thrust stand by four

• flexible straps located at each corner of the thrust frame. The

details of the thrust stand are shown in Figure 54 and the

position of the load cell is also shown. Calibration of the

thrust stand was accomplished by applying dead weight at various

positions on the thrust frame and at the centerline of the

engine. A load—path analysis of the thrust stand was performed

arid is included in Appendix ~3.

The performance data obtained during checkout is discussed
• in a subsequent section.

One change to the engine configuration was made during

checkout testing . Initial tests revealed that the elbow between

the combustor outlet and the turbine housing was running

extremely hot. It was determined that this was being caused by
poor fuel distribution. To correct this deficiency, the injector
tube was lengthened and the six injection holes were changed to
inject the fuel at a 45—degree angle relative to the centerline
of the injector tube rather than at 90 degrees.

:Jo other mechanical or operational problems were encountered
during the initial testing at sea—level , static conditions. The
limited amount of internal instrumentation did reveal some corn—
ponent performance differences from predicted values, but overall
eriqine performance met or exceeded predicted performance. A
more detailed discussion of performance may be found in a sub—
sequent section.
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2 12 13

_ _ T i
1. BAROMETRIC PRESSURE 10. TURBINE DISCHARGE TOTAL TEMPERATURE
2. ENGINE FUEL FLOW 11. COMPRESSOR DISCHARGE TOTAL PRESSURE
3. AFTERBURN ER FUEL FLOW 12. COMBUSTOR INLET STATIC PRESSURE
4. BELL MOUTH TU iAL PRESSURE 13. COMBUSTOR DISCHARGE STATIC PRESSURE
5. BELLMOUTH STATIC PRESSURE 14. COMPRESSOR DISCHARGE STATIC PRESSURE
6. COMPRESSOR INLET TOTAL PRESSURE 15. TURBINE INLET STATIC PRESSURE
7. INLET AIR TOTAL TEM PERATURE 16. EXHAUST TOTAL PRESSURE
8. COMPRESSOR DISCHARGE TOTAL TEMPERATURE 17. AFTERBURNER TOTAL TEMPERATURE
9. TURBINE INLET TOT AL TEMPE R ATURE

j i J ~~r~ 5~~. A ]tiLudc Charriber Instrumentation Schematic.
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TABLE 11. IN STRUMENTATION AND SERVICES .

Type :df Serv~~e

-r
~~~~-‘ ~~~~~

Paraxneter Range ~ ~ -~~
• and and ~~~

Parameter Stat3.or. rj r

:~~iet  a~~ ierit temperature T0 0 to 100°F X :~ X

• ~ i Let a~ r tesnper3ture Ttj —100 to 200°F X :<

‘om~re3ior -4 i•3c harge temr-. ‘3 to 400°F Z Y.

:-— ~~
-
~3 t .- 3cr.~ r’e tarr~ . 

T
~ 4 

—1, —2 , ~ 3 tc 2000°F .-
~

Tu rair .e dis~har5e terri~. 
Tt5s —1 , — 2 , 3 , ~~ I) to 2000°T :~ :~

:~ J.~ t air pres3ur~ 
P t i  0 to 30 psia X

Cortmressor total d~.sc~targe ~t2 0 to 100 psig :~ X

~ressure

Fuel pres3~ re Pf 0 to 200 psig X X

3el1r~~uth differe~ tia2. 0 to 20 psid - x
?reS3.lre

• 
~Tozz~ e discharge cota.~. 

P~~~, 23 , 24 , —25, 0 ~o 100 PEiq

~ressure —
~~~~

Comoressor disc~iarge ~~~~~~~ P~~~, —1 , —2 , —3 , —4 0 to i~ o ~sig :-: x X
~ress’i~e

Ccr~oustor ple~ u~i dome P3 3 1  0 to ~30 psig
stat~: pressure (top, t

Corth ustor er.-~~ dt~me 
~~3.1. o t~~ :oo ?S.. g

3t ~~t L C  pres3 ure (~ ottomi 0

bua~~ r di3c~ arge stat~c ~s4’ ~
l, —2 0 to 100 psig

or~ ssur

~~ro.ne .r~1et 3ta ti~ ~s4t’ 
19 , —20 , 0 to 100 ~si~ x

ores3~ re 21, —22

T-ir~ i~ e discharoe 3tat ic P~~ 0 to 30 psig
~~assure

~~ic:~~e speed 0 to I 00K ~pm :~ :~ .(

Wf 0 to 12C0 1o/hr :-~

Lu~ r~clt~~ g o~~ temperaturs TLO 0 to 303°F :-: :~ x
:-~~r~ caoj~ g ~~~~~ . pres sure 3 t~ 10) ~sig :-: :~ :~
~~~~~~ thrus t r.~ ‘3 to 25)

101

- - - - ..-•-

~~~~~~

—

~ 

-• . - - .- 

~~

-

~~~~ 

-. —•



/

b. Tes t ing  at Ram Condi t ions  - No Augmentor

Following complet ion of the sea-level, s tat ic  test ing, the

ducts  f o r  p r o v i d i n g  condit ioned a i r  to the engine  were instal-

led . This  ‘~c tu p  consis ted of n ou n t i ng  the eng ine  b e i l m o u th  in a
p l e n u m  t h a t  recoives condit~ one ’i i i r  f rom the f a c i l i t y .  The
c-ilibratcd flow measurement J ,~~ 1oou ih  is i so la ted  from the

engine by a buffered labyrinth seal shown in Figure ‘~6.

S t a r t i n g  was accomplished by supplying ram air to the

engine  at a pressure of approximately 12 inches of water ,
causing the engine to accelerate to and windmi l l  at approxi-

mately 6000 rpm. Fuel was then introduced and the ignition

source energ ized .  The engine  accelerated rap id ly  to an idle

speed of approximately 50,000 rpm . Once a stable idle speed was

a t t a i n e d , ram pressure arid engine speed could be increased

gradually to the desired operating condition. Performance at

• ram conditions , without the augmeritor installed , are discussed
in a subsequent section.

I)uring this phase of testing , a turb ine blade f ailed and
caused an unbalanced condition that resulted in separation of
the turbine wheel from the shaft. The turbine had been operated

in ex cess of four hours , which exceeds the 30—minute life goal
of the engine. Unlike the deterioration of engine performance

that results from blade tip erosion after 4 to 5 hours of

operation , this failure was more sudden and resulted in damage
to other parts of the engi ne , the test rig exhaust system , and
some instrumentation.

rol lowing the turbine failure , the engine was rebuilt using
1 new c”nter body, seals, bedrLnqs , and rotating group. The

combu stor  was und amaged and re—used . The compressor housing ,
ii I ho t i ’rh  rubbed , w,o; machined , r e f i n i s h e d, and also re—used .

J. ’ - ~~ t~~ in si x n m — h o u r  -
~~ We re r ’~gu ir ed  to to ~rdown , pe r fo rm the

r ’ p ~ i r s , an d  r’ — u~:;orrnb l~ the  en g i ne .  T h is  is a good ind ica t ion
of h r  s im p l i c i t y  and ruggedness  of t h i s  eng ine .
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As a result of the turbine f a i l u r e, the exhaust  system used

for operation of the engine without the augmentor was unservice—

able and a new system could not be obtained within the con-

straints of the schedule. Accordingly, additional tests without

the augmentor were precluded . The augmentor and augmentor

nozzle were then installed and further testing, prior to the

demonstration test, was conducted with the limited-life

auginentor liner installed.

c. Testing at Ram Condition — Augmentor Installed

Following reassembly wi th  the augmentor , the engine was
ir.stalled in the altitude facility , Figures 57 and 58. Testing

conducted at ram conditions was limited to dry (augmentor u n l i t )
operation to obtain correlation with the static test data prior
to the augmentor demonstration test. Testing without lighting

the augmentor was limited to approximately 40 minutes due to

concern tha t the l i fe  of the abla t ive  liner was being consumed
even though the exhaust gas temperatures in the auginerltor were

relatively low.

d. Demonstration Test

The purpose of the f i r s t  test of the augmentor was to
fami l ia r ize  personnel with the operation and characteristics of
the afterburner and to acquire one or two data points to

determine how the augmentor was performing . At startup there

was excessive torching on this initial run . After a short

period of running , the engine was shutdown and inspected . There
was normal charring of the ablative liner, but no other obvious
damage to the liner was noted. The ignitor showed signs oE
excessive heat. Torching was attributed to either excessive
fuel supply or fuel accumulating in the uncharred liner . In a
subsequent test of the augmentor , no torching occurred.
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View Looking A f t .
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Figure  58. Altitude Chamber Installation ,
View Looking Forward .
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The demonstra t ion test took place on December 23 , 1977.

The engine was started , and the augmentor l i t .  A f t e r  approxi-

mately five minutes of operation with the augmentor lit , a large
section of the abla t ive  coat ing  separated f rom the metal case of

the augmentor .  Inspection , a f t e r  shutdown , revealed that  a

portion of the graphite nozzle flange had also cracked loose.

Figures 59 and 60 show the damaged liner and nozzle.

7. DATA ANALYSI S

a. Analy tical Model Revisions

The ETJ131 Model 1030 analytical model was revised prior

to demonstra tion testing to improve engine performance predic-

tions of expected test results for analysis of the test data.

Component rig tests resulted in the following modifications:

A, Percent Poin ts

o Turbine e f f i c i e n c y  — 9 . 0
o Mechanical efficiency +2.0

o Turbine diffuser pressure loss +2.0

This revised model was rematched by resizing the exhaust nozzle

area to hold the or iginal  model turbine inlet temperature and
rotor speed . The original exhaust nozzle area of 16.74  square
inches was increased to 19.27 square inches.

Subsequent to the eng ine tests, the test data indicated
that additional adjustments to the analytical model were

required to account for differences between component rig and

engine operation and for coinbustor configuration differences .

The following additional adjustments were made :

A , Percent  Po i n t s

o Compressor  e f f i c i e n c y  + 2 .5
o Combustor pressure drop +2.0
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Figure 59. Ablative Coating Damage.
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A f t e r  these a d j u s t m e n t s  were made to the a n a l y ti c a l  model ,

pe r fo rmance  comparisons were made wi th  eng ine test data at

three condit ions, s ta t ic  w i t h o u t  the augmentor , ram w i t h o u t  the

augmentor , and ram wi th  the augmentor . The comparisons are

based on those parameters fo r  which  measurements are considered

to he most accurate .  These parameters  include engine speed

( r J / * f
~~~2

) , corrected a i r f low (W a /~ t2 /I5t2 ) , f u e l  f low (W f
) .

compressor pressure  ratio 
~~~~~~~~~~~ 

and exhaust gas pressure

. I n g i n e  speed in the ana ly t i ca l  model was matched to
tha t  of the test engine and the per formance  model parameters

were then  compared with the measured test parameters. The

f o l l o w i n g  pa ragraphs  di sc uos  these comparisons at the three tes t

( :on dit  ions

h . Sta t ic  Test ing

• The ETJ131 Model 1030 was installed in AiResearch Test

Cell LACC 2 for testing . The initial tests , under ambient

condit ions for  the basic eng ine checkout , were conducted with-

out the a f t e r b u r n e r  instal led. An engine exhaust  nozz le  area of
12 . 2 4  square  inches was used dur ing  the s tat ic  checkout .
Table 12 shows a comparison of tested performance versus  pre—
dicted p e r fo rmance  a f t e r  the a d j u s t m e n t s  noted above were
in ( :r ) rp o ra ted  in the per formance  model .  Test resu l t s  at s ta t ic

~r e n c J i t i on s  w i th o u t  the auqmentor  correlate  well  w i th  predicted
, ‘ - r i o r r f l L m f l C e .  The percentage d i f f e r e n c e s  shown for  fue l  f low

m~~d ~~)mpr ’1ssor p res su re  ra t io  are wel l  w i t h i n  measurement

‘:~~~r~1~~y for  those parameters . The d i f f e r e n c e s  shown for
‘ - x ~ i - ~~- i5 t gas temperature is not u n u s u a l  inasmuch as local
‘ 5- t1I~!r d I i r (  i n  a t u r b i ne  exhaus t  gas s tream wi l l  vary widely
e ;~~ n o i n g  on -~p s tream condi t ions , such as combustor geometry,

c~ La ’ : t~)r , tui h ine  geometry ,  etc .
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TABLE 12. ETJ131 MODEL 1030 TEST DATA
(AUGMENTOR NOT INSTALLED) .

Test Predicted*
Data Data A

Net Thrust, Lb 131 131 —

Fuel Flow, Lb/Hr 210 213 —1.40

Corrected Airflow ,
Lb/Sec 2.78 2.78 —

Compressor Pressure
Ratio 3.25 3.28 —0.91

Compressor Discharge -

Temp °F 362 362 —

Exhaust Gas
Temp °F 1547 1605 —3.61

Exhaust Gas
• Pressure, Psia 20.7 20.7 —

*Model compressor efficiency increased 2.5
points and burner pressure drop increased
2.0 percent -

Altitude — 1472 Ft
Ambient Temperature — 74.4°F
MN = O

Engine Speed — 68314 Rpm

ill
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c. Rain Tests

The engine, without augmentor , was subsequently tested at

two ram conditions, Mach 0.28 and Mach 0.70. The results of

those tests are summarized in Tables 13 , 14, and 15. Correla-

tion between the test data and the performance prediction is

generally satisfactory for fuel flow, airflow, compressor

pressure ratio, and exhaust pressure . However , there is a 7 to

9 percent difference in thrust for the higher ram conditions

that is attributable to interference between the inlet laby-

rinth seal and the inlet duct.

Following installation of the augmentor and auginentor

nozzle, Figure 58, approximately 40 minutes of running was

completed before an augmentor light-off was attempted. Efforts

were made during this period to resolve the error in thrust
S measurement caused by the labyrinth seal. Performance data was

acquired with the augmentor unlit to compare with the Model 1030
engine data without augmentor. Following this testing , an

augmentor light—off was successfully made and limited data were

acquired while familiarity was gained with the augrnentor opera-

tion. During this testing , a portion of the augmentor ablation

liner separated from the casing. Further testing was precluded

because of the time required to refurbish or fabricate a new
augmentor.

Of the four  test points acquired during the lighted aug—
mentor testing , only one point had complete, stabilized test
data. For this data point, it was necessary to incorporate an
additional adjustment to the performance prediction model to
account  for turb ine  discharge and nozz le  f lange  leakage. It
was estimated from physical measurements and data analysis that
the effective nozzle area increased 12 to 15 percent due to
imperfect sealing between the turbine housing exit flange and
the augmentor attachment flange , and to a crack in the thrust
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TABLE 13. ETJ131 MODEL 1030 TEST DATA
(AUGMENTOR NOT INSTALLED).

Test Predicted*
Data Data % A

Wet Thrust, Lb 77 77 -

Fuel Plow , Lb/Hr 155 161 —3.73

Corrected Airflow,
Lb/Sec 2.48 2.47 —0.40

Compressor Pressure
Ratio 2.73 2.73 —

Compressor Dischar ge
Temp °P 293 304 —3.62

Exhaust Gas
Temp °F 1231 1328 —7.30

Exhaust Gas
- 5 Pressure, Psia 19.25 19.0 1.32

*t4odel compressor efficiency increased 2.5
points and coinbustor pressure drop
increased 2.0 percent

Altitude — 1509 Ft
Ambient Temperature — 64.6°F
MN = 0.282

Engine Speed - 61137 RPM
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TABLE 14. ETJ 13 1 MODEL 1030 TEST DAT A
(AUGMENTOR NOT I N S TA LLE D ) .

Test I redicted*
Data  Data % A

Ne t Thrus t, Lb 91 98 —7.1

Fue l Flow , Lb/Hr 200  200 —

— 

- Corrected Ai r f low ,
Lb/Sec 2 .31 2 . 7 0  4 . 0 7

Compressor Pressure
Rat io  2 .96 2 . 9 0  2 .1

Compressor Discharge
Temp °F 316 318 — 0 . 6 3

Exhaus t  Gas
Temp °F 1177 - 1198 — 1 . 7 5

Exhaus t  Gas
Pressure , Psia 24.42 23.3 4.8

*Model compressor e f f i c i ency  increased 2 .5
points and combustor pressure drop
increased 2.0 percent

Alt i tude  — 1439 Ft
Ambient Temperature - 67.9°F

= 0 . 6 7 8
E n g i n e  Speed — 63895 RPM

• I
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TABLE 1~ . ETJ131 MODEL 1030 TEST DATA
(AUGMENTOR NOT INSTALLED).

Test Predicted*
_Data Data % A

Net Thrust, Lb 72 79 —8.9

Fuel Flow , Lb/Hr 171 172 —0 .58

Corrected Airflow,
Lb/Sec 2.69 2.60 3.46

Compressor Pressure
Ratio 2.75 2.70 1.85

Compressor Discharge
Temp °F 283 - 284 —0.35

Exhaust Gas
Temp °F 1074 1068 0.56

Exhaust Gas
• Pressure, Psia 22.47 21.97 2.27

*Compressor efficiency increased 2.5 points
and combustor pressure drop increased 2.0
percent

Altitude — 1470 Ft.
Ambient Temperature — 58.2°F
MN 

= 0.68

Engine Speed — 60652 RPM
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d

nozz le  a t t achment  f l ange . A comparison of tested and predicted

data is given in Table 16. Corr~l l u tio n  of the most a c c u r a t e l y

measured values is very good and ~-:- - :e r~ ture correlation is also

good . The d i f f e r e n c e  in t h rus t  is at t r i bu t ab l e  to in t e r f e rence

between the l abyr in th  seal ar~ . t ~e in le t  duct .

d. Conclusions

The r e s u l t s  of the te~~t i~iq indicate  that  the t h r u s t  goal
of 200 pounds at  s ea—leve l , 1- Ich 0.7 , can be achieved.  Demon-

s t r a t i o n  of t h i s  goal requ~~~e~ development of the combustor to

reduce i t s  pressure  loss , — ies iqn  of sea l ing  in the t u r b i n e
exi t  area , and a modi f ied  approach to th rus t  nozz le  a t t a c h m e n t .

Test ing of the engine w i thou t  the augmentor  va l ida ted

per fo rmance  predic t ions  for  the basic Model 1030.

The water—cooled augmentor tes t ing  demonstrated con-
c lus ive ly  tha t  the predicted augmentor e f f i c i e n c y  levels can
be achieved.

Fu r the r  development of the ablative liner is required. The
to ta l  time of 6 minutes at temperature  is s i g n i f i c a n t l y  less

than  the 30—minute  object ive .  Moreover , the l i f e  consumed wh i l e
operating at non—augmented conditions cannot he quantified .

Recen t dev elopmen ts in ram j et technology o f f e r  attractive means
of improving the in tegr i ty  of the ablative liner.
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TABLE 16. ETJ 131 MODEL 1030 TEST DATA
(AUGHENTOR ON).

Test Predicted*
Data Data % A

Net Thrust , Lb 151 174 — 1 3 . 2

Fuel Flow , Lb/Hr 278 273 1.83

Corrected Ai r f low ,
Lb/Sec 2.87 2.90 —1.03

Compressor Pressure
Ratio 3 .3  3 .3  -

Compressor Discharge
Temp °F 346 352 —1.70

Exhaust Gas
Temp °F 1350 1347 0 . 2 2

Exhaust Gas
• Pressure , Psia 23.86 23.67 0.80

*r4odel compressor e f f i c i e n c y  increased 3.0
points , combustor pressure drop increased
2.0 percent and nozzle area increased -

15 percent

Al ti tude — 94 Ft
Ambient Temperature — 12.8°F
MN = 0.7141
Engine Speed — 69096 RPM
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AiResearch Manu factu~ng Comp any of Arizona Page Ne- / of /5.’

-‘ - QUALIRCATION TEST LOG
LW.O. No-~~~- ~~~3?~’ -~‘-~‘~‘I Date ‘~~-?~

‘- 77 I Test Cell or Station No. / ~~~~ , ~~ ‘~~Z._ -

Assemblç No-___________________ Model No- ~~~~~
-

~~~~
‘
7 /  ~~

‘/ Unit Serial No.___________________

Development Engineer ~~~~~~~~~~ 
4’

~~~~~~~~ A 
- 

I Technician- 5-~~-~~ -y ~~~~~~~~~~ Grp. Ldr4-~2~ - f/ ~~;,A~s—7/ —

Test Type_ 
_________ ______ 

Test Schedule 
— I ModificatIon

S

TIMS RCMARK3

___  ___  ____  — ____  

,; f-~~~ 
,; ~ ~~~ ~ 4

____  ____  ____  — 
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SUMMARY: Total Running Time hrs. jnln. Ref. Data Page
Total Manual Starts_________________
Total Automatic SIaIIL..... Englneer nq.
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PO N NO. P *14 A AiResearch Maoufacth~ng Compan y of A~zona Page 1k- 2- of

QUALIFICATION TEST LOG
LW.O. No~-~i&) 77Ti~-2c---3~4-~~ioo I Date II— 3” 77 I Test Cell or Station No. ~.4 c~ C- ?~~
Assembly No._________________ Model No. d7J /3/ I Unit Serial Plo.
Development Engineer________________ Tecbn~anA&z~~ ~/#~~&c~e I Gip. Ldr. i (~~Ai A’#

Test Tyne_ 
_____ _____ 

.J Test Schedule Modification
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ORIGINAL
1.3 2

- — - - _ .~~ — - __
~~_ 5S~~~S_._5-______ •5i~~~~~~~ _-5•_55-_S~~~~ ~~~~~~~ SSSSS •5’ -



--5 -5 - - — - 5  —-5 - ---5 -5 ~~- 5---

~~~~~~~~~~~~~~ .- .. •  AiResea rch Manufactunn g Company of Anzona Page No. 3 •f
QUALIFICATION TEST LOG

LW.O. ~o.3c~o7_~77~iw 3i, ~~~ Date /1—3~ — 
77 Test Cell or Station No.&~ ~‘C ~~c?

Assembly II.. Model No. ~~7i / -3 / I Unit Serial No.___________________

Development Engineer ~? Technician 4~~~~~M~~e’ Grp. Ldr ~~~~~~~~~~ ft -

Test Type 
______ 

Test Schedule I Modif ication
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QUALIFICATION TEST LOG
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QUALIFICATION TEST LOG

E.W.O. No_ ~~O’3 —7~~32O-.3<~ O1C~ Date / Z — - 77 ~ Test Cell or Station Ho. ~~-I~~~! .f. Y~Z
- 

- 
Assembly Plo._________________ Model No. ~~7’~ 3 I Unit Serial No.______________
Development Engineer i?~~ I Technician !~nLi ~~~~~~ Grp. Wr. 3 t~ 3t,,ve tI _
Test Type 

I~~~ 
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‘
I QUALIFICATION TEST LOG

LW.O. No_~2< 7  — 7’~ ’-~~ -3~ “4 Date ‘~ 
— ~~~~~ I Test Cell or Station No. ~~4CC ~2

Assembly No.~~ Model No. tTf ‘-‘ / Unit Serial No.____________________
Development Engineer Z~ ~~e Technician 4~-~-e., ~~~~~~ I Grp. Ldr. .—~~~~~~~-‘-~ ~~~~~
Test Type 

______ ~ Test Schedule Modification
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:1 QUALIFiCATION TEST LOG
E.W.O. ~~~~~~ ~~~~~~~~~~~~~ Date / 2. — 7 — 7 7 ( Test Cell or Station No.. ~~~~~~~~~ I.~~ ~~~Z -
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LOAD PATH AiIALYSI~ FOR
AIRESEARCH ~0DEL ETJ131

THRUST STAND

22—0492 December 9, 1977

SU~1MARY

The load path analysis o-atlined in this report was accomplished

to determine why the load C€ li in the ETJ131 test stand does not

accurately measure the applied thrust. Structural testing was also

conducted to determine the relative stiffnesses of the flexure beams

which support the thrust frame to which the engine is mounted .

RECOMMENDATIONS AND CONCLUSIONS

1. The Load cell Will measure 81.5 percent of the applied

thrust. The remaining thrust is reacted by the four

flexural beams which support the thrust frame.

2. Accurate and repeatable thrust measurement is possible by

calibrating the load cell output to agree with a dead—

• weight load applied at the engine centerline .

3. Analysis predicts that fl7 percent of an axial load applied

to the thrust frame along the centerline of the engine , will
be measured by the load cell.

4. Test results indicate that 81 percent of an axial load
applied to the thrust frame along the centerline of the

engine , will be measured by the load cell.
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5 .  The agreement between analytic and test results is close

enough to conclude that the engine thrust not sensed by the

load cell is being absorbed by the four flexure beams .

The test result is of course considered to be the more

reliable of the two :es~~~ts.

6. The difference between t~ e analytic and test results is
possibly due to lack of ~0fl percent f i x i t y  at the upper end
of the member that s ~~- - ;t ~ the load cell.

D:scuss:ci~-:

Analysis of the thrust stand structure was accomplished with

program STRESS. The structural model used for the analysis is shown
in Figure 1. The program allows the use of either pinned joints or

• totally fixed joints. Since the vertical member which supports the

load cell is attached to a solid block which is in turn mounted to the

upper crossmernber by means of two ‘ti” bolts which fit around the block

and crossmexnber , it is doubtful that 10(~ percent end fixity acutally

exists .

Fi;e load cases were investigated . One case consisted of a 200

lb for’~zard load acting along the engine centerline (Point 3 in Figure

whIle th-3 other four cases consisted of a 200 lb load applied to

a corner of the frame (Points 1, 2, ~ and S in Figure 1). The last

fo ur cases were also accomplished by adding dead weights to the actual

tos~ stand frame . A tabulation of test versus analytic prediction of

load cell readings is shown in Figure 1. The difference between pre-

dicted and test data is attributed to lack of 100 percent end fixity

at the upper end of the load cell support member. The difference

:~~tween analysis and test results was then applied to the predicted

~- d - - i ;  - iu e to eng ine thrust to determine that the load cell would

L6 3 ~or 2)0 lb of ap~ li er~ thrust.
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In order to measure engine thrust directly from the load cell
output without special calibration , it would be necessary to provide
pinned joint beams in place of the existing f lexure  beams .

A. Lane
Mechanical Component Design
Engineering Sciences

Approved :_____________________
D Tree
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